PURPOSE. To test the hypothesis that blood-retinal barrier compromise is associated with the development of endogenous Staphylococcus aureus endophthalmitis.
ndogenous bacterial endophthalmitis (EBE) is a potentially devastating infection resulting from the migration of bloodborne organisms across a compromised blood-ocular barrier and into the eye. Endogenous bacterial endophthalmitis comprises approximately 2% to 8% of all endophthalmitis cases 1 and is one of the most harmful ocular infections owing to uniformly poor visual outcomes and the possibility of bilateral blindness. Most EBE patients have an underlying disease and/or are immunocompromised. 2 These conditions include endocarditis, urinary tract infections, diabetes mellitus, the presence of indwelling central venous catheters, immunosuppressive therapy, and illicit intravenous drug abuse. 3 Currently, diabetes mellitus ranks among the leading predisposing diseases for EBE and is associated with 33% of cases. 1, [4] [5] [6] [7] Staphylococcus aureus accounts for nearly 10% of EBE cases worldwide 1 and is the leading cause of EBE in the Western hemisphere and Europe, comprising approximately 25% of these cases. [1] [2] [3] In the United States, approximately 40% of EBE cases are associated with endocarditis, which is usually caused by S. aureus. 3 Staphylococcus aureus is a gram-positive bacterium that normally colonizes the skin and mucosa but can cause mucosal and submucosal infections, and life-threatening systemic infections, including septicemia, endocarditis, and pneumonia. 8, 9 Staphylococcus aureus EBE is also frequently associated with infection of indwelling catheters and prosthetic devices in diabetics and the immunocompromised. 1, [7] [8] [9] [10] [11] [12] Presently, methicillin-resistant S. aureus (MRSA) infections are a public health emergency owing to the refractory nature of these multidrug-resistant infections. It has been estimated that greater than 50% of S. aureus isolates from health care settings are methicillin-resistant. 2 MRSA infections among persons with functioning immune systems are being reported with increasing frequency. 13 Paralleling the rise in the frequency of MRSA infections is an increase in the number of MRSA endophthalmitis cases. 10, 14 Major et al. 10 have reported that MRSA strains account for 41% of all types of endophthalmitis caused by S. aureus and cause a similar percentage of cases of S. aureus EBE. Moreover, this group has found that among the MRSA isolates, approximately 38% are also resistant to commonly used fourth-generation fluoroquinolones (gatifloxacin and moxifloxacin) used to treat Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc. iovs.arvojournals.org j ISSN: 1552-5783 ocular infections. 10 Case studies have revealed that only 24% to 38% of MRSA EBE infections result in a final visual acuity better than 20/200. 2 Visual acuity outcomes of S. aureus EBE are consistently poor. However, no difference between the final Snellen visual acuity of MRSA-and methicillin-sensitive S. aureus-infected eyes has been observed. 10 Currently, a limited understanding exists regarding the interactions between the host and bacterial factors that contribute to the development of EBE. The factors contributing to the migration of S. aureus into the eye resulting in EBE have not been analyzed. It has been suggested that diabetes ranks among the leading underlying factors associated with EBE because of the immunologic and architectural changes in the eye that occur during the progression of diabetes. 6, [15] [16] [17] These changes include increases in vascular endothelial growth factor, IL-1b, IL-6, IL-8, and TNF-a in diabetic retinas that lead to angiogenesis and a breakdown in the blood-retinal barrier (BRB). 18 Further, increases in neutrophil adhesion to the endothelial wall due to upregulation of intercellular adhesion molecule 1 (ICAM-1) and CD18 lead to endothelial cell injury and death. [19] [20] [21] [22] Architecturally, pericyte death and basement membrane thickening lead to capillary leakage and occlusion. These changes ultimately result in macular edema, angiogenesis, and neuroretinal degeneration. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Collectively, these alterations in the diabetic ocular environment could compromise the eye's ability to prevent bacteria from entering during systemic infection.
Until recently, the lack of an animal model of EBE has been largely responsible for the gaps in information on the role of bacterial and host factors in the development of EBE. We have developed a murine model of diabetes-associated Klebsiella pneumoniae EBE and reported a correlation between the time from diabetes induction with streptozotocin (STZ) and the incidence of EBE. 17 Further, the observed increase in infection incidence also correlates with increases in BRB permeability that occur in mice with more advanced diabetes. 17 In the current study, we extended the use of our mouse model to address the hypothesis that diabetic ocular changes coincided with an increase in incidence in S. aureus EBE. Here, we showed a correlation between diabetes development and the incidence of S. aureus EBE, and further demonstrated that S. aureus possesses the capacity to cause EBE in nondiabetic, normal eyes without preexisting vascular leakage. We also showed that S. aureus is capable of inducing alterations in the tight junctions between human retinal epithelial (RPE) cells in vitro and traversing an intact RPE barrier. In conjunction with our in vivo infection data, these results support the hypothesis that the BRB compromise in diabetic mice contributes to the development of EBE and that S. aureus is capable of inducing BRB permeability on its own, causing EBE in normal and diabetic animals.
METHODS Animals
Six-week-old C57BL/6J mice were acquired from the Jackson Laboratory (Bar Harbor, ME, USA) and used in accordance with institutional guidelines and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Mice were allowed to adjust to conventional housing 2 weeks before the establishment of diabetes. Mice were anesthetized with an intramuscular injection of 85 mg/kg ketamine and 14 mg/kg xylazine before tail-vein injections and electroretinography.
Streptozotocin Induction of Diabetes
Eight-week-old male C57BL/6J mice were given two STZ injections of 100 mg/kg, 1 week apart. 17 Streptozotocin (Sigma-Aldrich Corp., St. Louis, MO, USA) was solubilized in freshly prepared 10 mM citrate buffer (pH 4.5) and immediately intraperitoneally injected. Blood glucose levels were quantified 2 weeks after the second STZ injection and were greater than or equal to 400 mg/dL for all mice. Infections were initiated at 1, 3, or 5 months post STZ injection. Mice were the same age (28 weeks) at the time of infection. Age-matched control animals were administered citrate buffer pH 4.5 only. Before injections with S. aureus, blood glucose levels were assessed again to ensure the establishment of diabetes in all mice.
S. aureus EBE Model
We used S. aureus strain 8325-4 for our studies. Strain 8325-4 is a well-characterized prophage-and plasmid-free strain derived from the clinical isolate 8325. 29 This strain has been used to initiate experimental endophthalmitis in rabbits and mice. [30] [31] [32] Strain 8325-4 was grown for 18 hours in brain heart infusion media (BHI; Difco Laboratories, Detroit, MI, USA), and subcultured in prewarmed BHI to logarithmic phase. Bacteria were then centrifuged and resuspended in phosphate buffered saline (PBS). Endogenous bacterial endophthalmitis was established by injecting mice via the tail vein with 10 8 colony-forming units (cfu) in 100 lL PBS. At 4 days post infection, the retinal function of both eyes from mice in each group was measured by electroretinography (ERG). After ERG, both eyes from each mouse were harvested for bacterial quantitation or histology.
Endogenous Bacterial Endophthalmitis
Mice were dark adapted for 6 hours and then anesthetized as described above. Pupils were dilated with 10% topical phenylephrine (Acorn, Inc., Buffalo Grove, IL, USA) and goldwire electrodes were placed over both corneas with a drop of GONAK (Hypromeliose Ophthalmic Demulscen Solution 2.5%; Akorn, Inc., Lake Forest, IL, USA) to ensure maximum conductance. Scotopic ERGs were recorded for both eyes (Diagnosys LLC, Littleton, MA, USA). The A-wave amplitude was measured from the prestimulus baseline to the A-wave trough, and the B-wave amplitude was measured from the Awave trough to the B-wave peak. Percentage ERG retention was calculated relative to mean baseline ERGs recorded from six eyes per group before infection, as previously described. 17, 33, 34 
Bacterial Quantitation
For each group of infected mice, eyes were selected at random for bacterial quantitation. Briefly, both eyes from each mouse selected were enucleated, placed into separate tubes containing 400 lL sterile PBS and 1.0-mm sterile glass beads (Biospec Products, Inc., Bartlesville, OK, USA), and homogenized for 60 seconds at 5000 rpm in a Mini-BeadBeater (Biospec Products, Inc.). Eye homogenates were serially diluted and plated in triplicate on tryptic soy agar þ 5% sheep erythrocyte and mannitol salt agar plates. After overnight incubation at 378C, the colony-forming units per eye was determined as previously described. 17, 33, 34 Histology Homogenization of eyes for bacterial quantitation precludes histologic analysis on eyes that are confirmed as culture positive. Eyes from each group were randomly selected and fixed in Excalibur's Alcoholic Z-Fix (Excalibur Pathology, Inc., Norman, OK, USA) for 24 hours, and then embedded in paraffin. Sections were stained with hematoxylin-eosin and tissue Gram stain as previously described. 17, 33, 34 Human RPE Cell Culture Human ARPE-19 cells (ATCC, Manassas, VA, USA) were propagated and maintained in Dulbecco's modified Eagle's medium (DMEM)/F12 (Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Life Technologies). 35 Cells were grown to confluence, diluted in culture medium, and seeded in sterile 12-well plates containing transwells and 24-well plates containing glass coverslips. Transwells (0.4 or 8 lm; EMD Millipore, Billerica, MA, USA) were prepared by coating with coating solution (10 mL DMEM/F12 supplemented with 5% FBS, 13.6 lL bovine serum albumin 7.5% (Thermo Fisher Scientific, Waltham, MA, USA), 100 lL bovine type I collagen (BD Biosciences, San Diego, CA, USA), and 100 lL human fibronectin (Sigma-Aldrich Corp.). Glass coverslips (Thermo Fisher Scientific) were prepared in an analogous manner. After coating, the transwells and coverslips were washed once with PBS and seeded with 200 lL 2.5 3 10 5 cells/mL or 400 lL 2.5 3 10 5 cells/mL, respectively, in DMEM/ F12 supplemented with 5% FBS. Monolayer formation and tight junction integrity was confirmed by immunocytochemistry and a dextran-fluorophore conjugate diffusion assay as described in detail below.
Human RPE Infection by S. aureus
Staphylococcus aureus strain 8325-4 was grown for 18 hours in BHI medium, washed with PBS, and diluted into RPE cell culture medium. Tissue culture wells with either glass coverslips or transwells were inoculated with the bacterial suspension to achieve a final concentration of 10 4 cfu/mL. This represents a multiplicity of infection (MOI) of 0.02, or 1 bacterial cell per 50 RPE cells on the coverslips, and an MOI of 0.01, or 1 bacterial cell per 100 RPE in the transwells. Following infection, bacterial growth was assessed at 2-hour intervals thereafter. Strain 8325-4 achieves concentrations of approximately 2.0 3 10 8 cfu/mL at 8 hours post inoculation. Mock, uninfected coverslips or transwells received RPE cell culture medium only. To determine if the effects on human RPE cells were specific to S. aureus, a hypermucoviscosity (HMV)-deficient strain of K. pneumoniae 17 was also grown for 18 hours in BHI, washed with PBS, and diluted into RPE cell culture medium. Tissue culture wells with glass coverslips were inoculated with K. pneumoniae to achieve a final concentration of 10 4 cfu/mL (MOI ¼ 0.02). After infection, bacterial growth was assessed at 2-hour intervals, and K. pneumoniae reached approximately 5.0 3 10 8 cfu/mL at 8 hours post inoculation.
Immunocytochemistry
Uninfected and infected RPE monolayers on coverslips were fixed in 100% methanol at À808C for 30 minutes. Coverslips were incubated once in TBS þ 0.25% Triton X-100 for 10 minutes, followed by Protein Block (DakoCytomation, Carpinteria, CA, USA) for 10 minutes at room temperature. Anti-ZO-1 antibody (Invitrogen, Carlsbad, CA, USA) was added to a final concentration of 15 lg/mL. The anti-ZO-1 antibody was removed and the coverslips were washed three times with PBS þ 0.001% Tween 20. Alexa Fluor 488 goat anti-mouse IgG (1:200; Life Technologies, Eugene, OR, USA) was added and coverslips were incubated for 30 minutes at room temperature. After three washes with PBS þ 0.001% Tween 20, coverslips were mounted on glass slides with Vectashield Hard Set and stained with DAPI (Vector, Burlingame, CA, USA) and imaged with an Olympus Confocal FV500 microscope (Olympus, Waltham, MA, USA). The fluorescence intensity of ZO-1 staining at the periphery of individual RPE cells was quantified by using ImageJ (http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA). [36] [37] [38] Briefly, N ‡ 10 random confocal images were taken per group and N ¼ 5 cells were chosen at random from each confocal image. The edge of each cell was traced and a plot profile of intensity for each trace was generated (approximately 500-1000 points per trace). The percentage ZO-1 immunopositivity for each cell was calculated as the fraction of points greater than 25% of the maximum intensity for each cell. Percentages for each group were averaged and are presented as the mean 6 SD for N ‡ 10 images per group (mock versus bacteria at 4, 6, or 8 hours post infection).
Fluorescein Isothiocyanate (FITC)-Dextran Conjugate Diffusion Assay
To measure the degree of permeability of human RPE cell culture monolayers after infection with S. aureus 8325-4, the diffusion of FITC-dextran conjugates (4 kDa or 70 kDa) were assessed by fluorescence spectrophotometry. Monolayers were cultured on 0.4-lm transwells and infected with 10 4 cfu/mL in RPE cell culture medium or medium alone for 4, 6, or 8 hours post infection. Addition of hydrogen peroxide (H 2 O 2 ; SigmaAldrich Corp.) to a final concentration of 30% for 30 minutes permeabilized the monolayers and functioned as a positive control. The FITC-dextran conjugates at 1 mg/mL were added to the transwells at each time point and incubated for 1 hour at 378C. Fluorescence was measured in the lower chamber by fluorescence spectroscopy, and the concentration of FITCdextran conjugate that diffused across the monolayer was calculated from a standard curve of known concentrations. Values are expressed as the mean FITC-dextran conjugate concentration 6 SEM of N ‡ 4 measurements per time point.
Transmigration of S. aureus Across Human RPE Monolayers
To assess the degree of transmigration of S. aureus across an intact RPE monolayer, RPE monolayers in 8.0-lm transwells were infected as described above, and the medium in the lower chamber was removed and quantified by plating at 4, 6, and 8 hours post infection. At each time point, fresh, prewarmed RPE cell culture medium was added to replace the medium in the lower chamber. As a positive control, pretreatment of the RPE monolayers with 0.25% Triton X-100 was used to disrupt the RPE barrier, facilitating free diffusion of S. aureus across the transwell membranes.
Statistics
All values represent the mean 6 standard deviation (SD) of the bacterial counts in infected eyes, FITC-dextran conjugate concentrations, and in vitro bacterial counts. A 2-tailed Fisher's exact test was used to assess significance between the incidence of EBE among the control and diabetic groups. The MannWhitney U test was used to assess levels of significance in the ZO-1 immunopositivity assay. Two-tailed, 2-sample t-tests were used for statistical comparisons between groups for all other in vitro assays. A P value of 0.05 was considered significant.
RESULTS

Diabetes and Incidence of S. aureus EBE
To examine the link between diabetes progression and the development of S. aureus EBE, we used our mouse model of
STZ-induced diabetes. 17 As shown in the Table, 4 days following infection with 10 8 cfu of S. aureus strain 8325-4, we observed one culture-confirmed infected mouse in the control, nondiabetic group. In this animal, both the right and left eyes were infected, with a mean of 1.54 3 10 3 6 1.78 3 10 2 cfu per eye. Among the 1-month diabetic mice, we observed culture-confirmed infections in two animals. Only the left eye in each of these animals was infected (mean ¼ 5.54 3 10 2 6 7.09 3 10 2 cfu per eye). The infection incidence was 7% and 12% for the control nondiabetic and 1-month diabetic mice, respectively. In the 3-month diabetic group, infections were culture confirmed in 11 different animals, with three animals having bilateral infections. A total of eight right eyes and six left eyes were infected, with a mean of 2.67 3 10 2 6 2.49 3 10 2 cfu per eye (58% infection incidence). Allowing diabetes to progress for 5 months, we observed culture-confirmed infections in five animals (four right eyes and one left eye) for a mean of 7.88 3 10 2 6 1.08 3 10 3 cfu per eye (33% infection incidence).
These results showed no significant difference between the control, nondiabetic group and the 1-month diabetic group in EBE incidence (Table) (P ¼ 1.0). However, we observed a statistically significant increase in the incidence of S. aureus EBE from 1 month to 3 months following diabetes induction (Table) (P ¼ 0.0058). While the incidence of EBE appeared to decline between 3 and 5 months, there was no significant difference between these two groups (P ¼ 0.1854). In this EBE model, intravenous infection with S. aureus strain 8325-4 resulted in a higher incidence of intraocular infection than did the HMVÀ strain of K. pneumoniae, tested previously. 17 Moreover, these results also suggest that S. aureus is able to migrate into the eye in the absence of (control mice) or during the early stages of (1 month) architectural and immunologic changes that occur during the development and progression of diabetes.
Retinal Function and Inflammation During S. aureus EBE
To determine whether retinal function was altered as a result of EBE, ERG was performed 4 days after S. aureus infection. There were no significant changes compared to preinfection baseline retinal function among any animals in any of the infection groups. There were no significant differences in the percentage A-or B-wave amplitudes retained among the animals in the nondiabetic and the 1-, 3-, or 5-month diabetic groups that were culture confirmed with S. aureus EBE (data not shown). Staining of sections with hematoxylin-eosin and tissue Gram stain did not reveal any significant polymorphonuclear leukocyte (PMN) infiltration (data not shown). These findings were similar to what we observed following infection with the HMVÀ strain of K. pneunomiae. 17 
S. aureus Causes Alterations in Human RPE Tight Junctions In Vitro
From our observations of intraocular infections in control, nondiabetic and 1-month diabetic mice, as well as a higher incidence among 3-and 5-month diabetic mice relative to what we previously observed with K. pneumoniae in this model, 17 we hypothesized that S. aureus contributes to the pathogenesis of EBE by inducing permeability changes in in vitro barriers formed by the RPE. We first determined whether S. aureus caused alterations in immunostaining patterns of the tight junction ZO-1 protein at the borders between cultured human RPE cells. Immunofluorescence microscopy revealed that ZO-1 immunoreactivity was localized to the borders between cells in the uninfected RPE monolayers at all time points examined (Figs. 1A-D) , and at 4 hours after infection with S. aureus (Fig. 1E) . However, markedly reduced ZO-1 staining was observed in RPE cells infected with S. aureus beginning at 6 hours post infection (Fig. 1F ) and was further reduced at 8 hours after infection (Fig. 1G) . In Figure 1I , immunopositivity of randomly selected cells was significantly lower that the immunopositivity of mock-infected RPE cells at 6 hours (P ¼ 0.0054) and 8 hours (P < 0.0001) post infection, but not at 4 hours post infection (P ¼ 0.1318). Infection of RPE cells with an HMV-deficient strain of K. pneumoniae 17 did not reveal significant alterations in ZO-1 staining relative to mockinfected cells (Figs. 1D, 1H, 1I ; P ¼ 0.1841), indicating that the observed alterations are not due to a generalized phenomenon of bacterial growth and that K. pneumoniae cannot alter RPE tight junctions within the time frame of this experiment. The RPE cellular viability was assessed at each time point by trypan blue staining and was 98.7% at 4 hours, 98.4% at 6 hours, and 97.6% at 8 hours, thus ruling out the possibility that these changes were secondary to the death of these cells. This significant reduction in immunoreactivity of ZO-1 after inoculation with S. aureus indicated a disruption in expression and/or organization of ZO-1 in the tight junctions between RPE cells and demonstrated that S. aureus was capable of altering the tight junctions between RPE cells in vitro. Taken together, these results support the observation that the increased incidence of S. aureus EBE relative to K. pneumoniae EBE correlates with the ability of S. aureus to alter RPE tight junctions.
S. aureus Induces Barrier Function Changes in Cultured Human RPE Cells
We next assessed whether these observed changes in ZO-1 immunoreactivity correlated with changes in the barrier function of these monolayers. Analysis of the diffusion of the FITC-dextran conjugates across an RPE barrier after infection with S. aureus revealed a time-dependent increase in the concentration of these conjugates in the lower chamber (Figs. 2A, 2B). There was no statistically significant difference between the concentrations of either of the FITC-dextran conjugates in the lower chamber of wells infected with S. aureus and uninfected wells at 4 hours (P ¼ 0.4 for the 4-kDa FITC-dextran conjugate; P ¼ 0.6 for the 70-kDa FITC-dextran conjugate) or at 6 hours (P ¼ 0.06 and P ¼ 0.1, respectively). However, significantly higher concentrations of FITC-dextran conjugates were observed in the lower chamber of wells infected with S. aureus at 8 hours than in uninfected RPE monolayers (P < 0.0001 for the 4-kDa FITC-dextran conjugate; P ¼ 0.01 for the 70-kDa FITC-dextran conjugate) (Fig. 2) . The diffusion of the 4-kDa fluorophore-conjugate was significantly higher across RPE monolayers after infection with S. aureus for 8 hours than for RPE monolayers treated with H 2 O 2 for the same amount of time (P < 0.0001).
For bacterial transmigration, we evaluated the concentration of S. aureus in lower chamber after infection (Fig. 3) . After inoculation of the upper chamber with S. aureus, bacterial counts in the lower chamber were below the limit of detection (10 cfu/mL) after 2 and 4 hours post inoculation. At 6 hours, the concentration of S. aureus in the bottom chamber was 3.15 3 10 2 (63.45 3 10 2 ) cfu/mL, and at 8 hours, S. aureus reached 1.34 3 10 7 (62.54 3 10 7 ) cfu/mL. The 6-and 8-hour concentrations were primarily the result of transmigration of bacteria across the disrupted monolayer, as there was only a 2-hour window for replication to occur after complete removal of the media in the lower chamber at the previous time point. Pretreatment of RPE monolayers with Triton X-100 to obliterate the cellular barrier resulted in detectable bacteria in the lower chamber at all time points, with 4.77 3 10 7 (69.49 3 10 7 ) cfu/mL at 8 hours post infection (P ¼ 0.5 versus S. aureus infection alone without pretreatment with Triton X-100). Collectively, these results showed that S. aureus disrupts the RPE monolayer in vitro, resulting in the diffusion of both fluorophore-conjugated dextrans and live bacteria across a permeabilized barrier. These results provided in vitro support of our hypothesis that S. aureus might directly contribute to EBE pathogenesis by compromising the barrier function of the RPE component of the outer BRB.
DISCUSSION
Endogenous bacterial endophthalmitis is a potentially blinding disease that is linked to a number of underlying conditions, with diabetes ranking as one of the primary risk factors for contracting EBE. 1, [4] [5] [6] [7] During the progression of diabetes, changes in the vascular architecture occur that result in the breakdown and increased permeability of the BRB. We hypothesized that compromise of the blood-retinal barrier created a favorable environment for blood-borne pathogens to enter the eye. To understand the link between diabetes development and the increased risk of contracting EBE, we have previously evaluated the frequency of K. pneumoniae EBE in STZ-induced diabetic mice. 17 No EBE is observed in infected 1-month diabetic and age-matched nondiabetic control mice. A 24% and 27% incidence of K. pneumoniae EBE is observed in mice with diabetes of 3-and 5-months' duration, respectively, but no EBE among control, age-matched nondiabetic mice. 17 The rise in EBE occurrence parallels the increase in vascular permeability in the 3-and 5-month diabetic mice. These results support our hypothesis that ocular environmental changes occurring during diabetes progression facilitate the development of K. pneumoniae EBE. Both the EBE model and the intravitreal injection model of bacterial endophthalmitis enable the qualitative and quantitative analysis of different phases of disease initiation, development, and visual outcome. 17 In the current study, we used the STZ-induced diabetic mouse model to determine if S. aureus EBE incidence correlated with the duration of diabetes and observed a 58% and 33% incidence of S. aureus EBE among 3-and 5-month diabetic mice, respectively. While the incidence of S. aureus EBE among 5-month diabetic mice was similar to what we observed previously for K. pneumoniae EBE, the incidence of S. aureus among 3-month diabetic mice was 2.5-fold higher than what we observed for K. pneumoniae. In contrast to our findings of no infections in control, nondiabetic and 1-month diabetic mice after tail-vein injection with K. pneumoniae, we observed a 7% and a 12% incidence of S. aureus EBE in control nondiabetic and 1-month diabetic mice, respectively. These results suggested that S. aureus strain 8325-4 was more virulent than the HMVÀ strain of K. pneumoniae tested previously in this model. Moreover, our results also suggest that S. aureus is able to invade the eye regardless of the degree of the blood-ocular barrier integrity. Staphylococcus aureus typically produces a myriad of cytolytic toxins, while K. pneumoniae does not.
Similar to our results in the K. pneumoniae EBE model, 17 we did not observe significant differences in the retinal function retention among the animals in the nondiabetic and the 1-, 3-, or 5-month diabetic groups that were culture confirmed with S. aureus EBE. We also did not observe significant inflammation in eyes culture confirmed with S. aureus EBE. In our direct injection models of endophthalmitis, several orders of magnitude higher concentrations of intraocular bacteria are necessary to affect substantial declines in retinal function and significant intraocular inflammation. 21, 39, 40 Our observations in the experimental S. aureus EBE model raised the prospect that S. aureus itself might contribute to the degradation of the BRB. The RPE constitutes a component of the outer BRB that could potentially serve as a portal of entry for bacteria in the choroidal vasculature. To evaluate the hypothesis that S. aureus might contribute to EBE pathogenesis by altering the barrier function of the RPE component of the outer BRB, we examined immunostaining patterns of the zonula occludens ZO-1 protein component of tight junctions between cultured human RPE cells in vitro. Staphylococcus aureus infection caused alterations in ZO-1 immunoreactivity at the borders between cultured human RPE cells. Disruption of ZO-1 staining correlated with increases in the permeability of RPE monolayers to FITC-conjugated dextrans and to live bacteria. Moyer et al. 35 also have found that Bacillus cereus increases barrier permeability of RPE monolayers in vitro in a similar time frame. Losses in ZO-1 staining are observed 8 hours after infection with B. cereus, and changes in permeability to FITC-dextran are observed as early as 2 hours following infection. 35 Our in vitro results support our observations in the mouse model of S. aureus EBE and suggest that S. aureus can directly contribute to EBE development by disrupting the barrier function of the RPE, creating portals for entry into the eye.
Staphylococcus aureus expresses as many as 20 different adhesins and microbial surface components recognizing adhesive matrix molecules, 41, 42 including fibronectin-binding proteins FnbpA and FnbpB, 43 the fibrinogen-binding proteins ClfA and ClfB, 44 and the collagen-binding protein Cna. 45 These factors mediate S. aureus adherence to extracellular matrix and plasma proteins, an important initial event in the establishment of infection. These adhesins have been implicated in a model of staphylococcal keratitis. [46] [47] [48] Staphylococcus aureus peptidoglycan induces ICAM-1 and VCAM-1 expression on the surface of endothelial cells. 49 Moreover, subdomains of S. aureus FnbpA induce increases in ICAM-1, VCAM-1, and IL-8 from cultured endothelial cells. 50 FnbpA, as well as the extracellular adherence protein, mediates adherence to and invasion of endothelial cells. 51, 52 It is possible that S. aureus contributes to the pathogenesis of EBE by inducing upregulation of vascular adhesion molecules and subsequent increases in vascular permeability. Systemic S. aureus infection might cause vascular permeability through the localized production of TNF-a, as S. aureus peptidoglycan and lipoteichoic acid have been shown to provoke TNF-a secretion. 53 Injection of TNF-a into the vitreous of rabbits results in barrier breakdown, increased permeability, and cellular infilitration. 54 These observations together might explain the significantly higher rate of S. aureus EBE than K. pneumoniae EBE in our diabetic mouse model.
Staphylococcus aureus 8325-4 also secretes a number of toxins that might play a role in EBE pathogenesis, including a-, b-, c-, and d-toxins and the Panton-Valentine leukocidin (PVL). [55] [56] [57] These toxins may directly cause structural damage to tissues in the eye, or, in the case of PVL, have either anti-or proinflammatory effects. The S. aureus a-and b-toxins have both been directly demonstrated to contribute to experimental endophthalmitis in rabbits. 30, 31 Panton-Valentine leukocidin can lyse neutrophils but can also effect the release of proinflammatory cytokines at low concentrations from these cells. 58 While PVL can induce rapid cell death in human neutrophils, this toxin is not active against mouse PMNs 59 and therefore would not have altered PMN function, potentially interfering with clearance from the eye. Hyaluronidase, a secreted enzyme that degrades hyaluronic acid and is postulated to promote tissue invasion, 60 might also play a role in EBE pathogenesis. Hyaluronidase recently has been shown to be CodY regulated, and in a murine pulmonary model, concentrations of a hyaluronidase mutant are reduced by four orders of magnitude in lung tissue, lung tissue pathology is lessened, and levels of pulmonary hyaluronic acid are increased. 60 Staphylococcal toxins may also contribute to EBE pathogenesis by interacting with and disrupting components of the BRB, thus creating portals of invasion for S. aureus in the vasculature of the eye.
Some strains of S. aureus are more virulent in animal models of sepsis because these isolates possess a capsule. 61, 62 Most S. aureus clinical isolates produce type 5 or type 8 capsular polysaccharide. 63 Strain 8325-4 is type 5 64 but has no noticeable capsule when grown in vitro. Encapsulation may prevent clearance of S. aureus from the bloodstream or the vitreous humor, particularly if clearance mechanisms are compromised in the diabetic ocular environment. It is currently unknown whether adhesins, secreted factors, or the capsule might contribute to crossing the BRB and invasion of the eye. Future studies will address the effect of staphylococcal factors in facilitating infection in our model. In summary, we identified an association between the STZinduced diabetic murine ocular environment, specifically blood-retinal barrier compromise, and the pathogenesis of K. pneumoniae and S. aureus EBE. This model also highlighted the ability of S. aureus to breach the BRB regardless of BRB integrity. Future studies will identify the mechanisms of EBE pathogenesis, specifically identifying the host and bacterial factors that contribute to this disease with a view toward developing more effective therapies. Our model suggests that S. aureus can cause infection in normal, nondiabetic animals, raising the possibility that S. aureus could potentially result in EBE in otherwise normal septic patients. Increased vigilance should therefore be practiced among diabetic patients with culture-confirmed S. aureus bacteremia, but also among normal septic patients with culture-confirmed S. aureus infections.
